
315

Braz J Med Biol Res 30(3) 1997

[Ca2+]i handling in hypertensionBrazilian Journal of Medical and Biological Research (1997) 30: 315-323
ISSN 0100-879X

Calcium handling by vascular
myocytes in hypertension

Departments of 1Physiology and 2Anesthesiology, University of Michigan,
Ann Arbor, MI 48109-0622, USA
3Departamento de Farmacologia, Instituto de Ciências Biomédicas,
Universidade de São Paulo, 05508-900 São Paulo, SP, Brasil
4Faculdade de Ciências Farmacêuticas de Ribeirão Preto,
Universidade de São Paulo, 14040-903 Ribeirão Preto, SP, Brasil

R.C.A. Tostes3,
D.W. Wilde2,

L.M. Bendhack4

and R.C. Webb1

Abstract

Calcium ions (Ca2+) trigger the contraction of vascular myocytes and
the level of free intracellular Ca2+ within the myocyte is precisely
regulated by sequestration and extrusion mechanisms. Extensive evi-
dence indicates that a defect in the regulation of intracellular Ca2+

plays a role in the augmented vascular reactivity characteristic of
clinical and experimental hypertension. For example, arteries from
spontaneously hypertensive rats (SHR) have an increased contractile
sensitivity to extracellular Ca2+ and intracellular Ca2+ levels are el-
evated in aortic smooth muscle cells of SHR. We hypothesize that
these changes are due to an increase in membrane Ca2+ channel density
and possibly function in vascular myocytes from hypertensive ani-
mals. Several observations using various experimental approaches
support this hypothesis: 1) the contractile activity in response to
depolarizing stimuli is increased in arteries from hypertensive animals
demonstrating increased voltage-dependent Ca2+ channel activity in
hypertension; 2) Ca2+ channel agonists such as Bay K 8644 produce
contractions in isolated arterial segments from hypertensive rats and
minimal contraction in those from normotensive rats; 3) intracellular
Ca2+ concentration is abnormally increased in vascular myocytes from
hypertensive animals following treatment with Ca2+ channel agonists
and depolarizing interventions, and 4) using the voltage-clamp tech-
nique, the inward Ca2+ current in arterial myocytes from hypertensive
rats is nearly twice as large as that from myocytes of normotensive rats.
We suggest that an alteration in Ca2+ channel function and/or an
increase in Ca2+ channel density, resulting from increased channel
synthesis or reduced turnover, underlies the increased vascular reac-
tivity characteristic of hypertension.
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Hypertension vs increased peripheral
resistance vs abnormalities of
vascular function

Hypertension is considered to be a multi-
factorial disease in which genetic and envi-
ronmental factors, humoral and neural sys-
tems, and also intrinsic changes in the vascu-
lature play a role. The disease in its estab-
lished phase is characterized by a normal
cardiac output and an elevated total periph-
eral resistance (1,2) which is the major
indication that the vasculature plays an im-
portant role in maintaining high blood pres-
sure.

Considering the possible mechanisms
which could account for the elevated periph-
eral resistance, a large number of studies
have paid special attention to structural and
functional abnormalities of the vasculature.
Increased vascular reactivity, i.e., increased
sensitivity to vasoconstrictor agents and in-
creased smooth muscle force generation abil-
ity, hypertrophy and remodeling, develop-
ment of spontaneous tone, the presence of
oscillatory contractile activity, and increased
ionic permeability of the plasma membrane
are some of the alterations observed in ves-
sels from hypertensive animals (3-6). These
vascular structural and functional changes
are quite variable, and can be observed in
some models of hypertension, but not in
others, and in some vascular beds, when
other regional beds in the same animal do
not exhibit these abnormalities. Many fac-
tors may contribute to these particular vas-
cular changes, including the primary cause
for the hypertensive state, development and
duration of the elevated blood pressure, the
species, age and gender of the animals, the
technique used to study the vascular change,
the regional location of the vascular bed,
and, in the case of vascular reactivity, the
stimulus employed (5,6).

Evidence of vascular structure abnormali-
ties in hypertension and their possible con-
tribution to increased vascular reactivity and,

consequently, to the elevated peripheral re-
sistance has been extensively discussed
(for reviews, see 5-7). According to Folkow
(8,9), the increased peripheral resistance in
hypertension is associated with structural
changes, and the increased vascular reactiv-
ity could be explained as resulting from nar-
rowing of the vasculature due to increased
media thickness which reduces the luminal
diameter of the resistance vessels. However,
some observations indicate that other factors
are involved in the vascular changes ob-
served in hypertension. Abnormalities of
vascular function, i.e., altered excitation-con-
traction coupling, are considered to be an
alternative mechanism which could explain
the increased vascular reactivity in hyper-
tension. For example, an increase in the
threshold sensitivity of the vascular smooth
muscle to vasoconstrictor agents cannot be
explained by structural alterations and more
likely reflects changes in the function prop-
erties of vascular smooth muscle (5). Fur-
thermore, vessels from hypertensive animals
exhibit differences in relative sensitivity when
stimulated with different agonists (10), a
finding that does not fit Folkow’s hypothesis
and supports the idea that vascular func-
tional abnormalities are involved in the in-
creased vascular reactivity observed in hy-
pertension.

Abnormalities of vascular function
vs Ca2+ handling

Since a rise in intracellular free Ca2+

concentration ([Ca2+]i) is the principal pro-
cess that initiates contraction in vascular
myocytes (11), the maintenance of the steady-
state [Ca2+]i is critically important to vascu-
lar smooth muscle cells (VSMCs) (12). The
sources of activator Ca2+ are both extracellu-
lar (ion channels in the plasma membrane)
and intracellular (ion channels in the sarco-
plasmic reticulum) and their relative contri-
bution to force development varies between
different arteries (13). Ca2+ channels can be
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subdivided into those whose opening prob-
ability is modulated by changes in the mem-
brane potential, the voltage-operated Ca2+

channels (VOCs), and those whose opening
probability is primarily controlled by ago-
nist-induced receptor activation (for reviews,
see 14,15). However, the actions of many
vasoactive agonists involve modulation of
the VOCs and in almost all myocytes the L-
type (long lasting) VOCs appear to be the
major route for Ca2+ entry (14).

Extensive evidence indicates that a de-
fect in the regulation of [Ca2+]i plays a role in
the increased vascular reactivity in hyper-
tension (16). The cellular mechanisms in-
volved in abnormal Ca2+ handling in VSMCs
are numerous and include increased Ca2+

entry, decreased storage in subcellular frac-
tions or decreased Ca2+ extrusion (16,17).
We will not discuss all the possible mecha-
nisms involved in abnormal Ca2+ handling in
hypertension, but the reader will be mostly
referred to excellent overviews. Our specific
aim in this mini-review is to present evi-
dence that changes in membrane Ca2+ chan-
nel density and function exist in VSMCs
from hypertensive animals. The major ob-
servations supporting this hypothesis have
been divided into four sections.

Contractile activity in response to
depolarizing stimuli is increased in arteries
from hypertensive animals demonstrating
altered voltage dependence of the Ca2+

channel in hypertension

Noon et al. (18) and Winquist and Bohr
(19) observed that arteries isolated from hy-
pertensive rats maintain a spontaneous ac-
tive tone in the resting state, which is abol-
ished by the removal of external Ca2+ and by
Ca2+ channel blockers (20). Similarly, stud-
ies performed in aortic strips from DOCA-
salt hypertensive rats have shown that when
these arteries are depleted of intracellular
Ca2+ stores, they contract when placed in
Ca2+-containing solution whereas normoten-

sive arteries do not. Under similar condi-
tions, VSMCs isolated from the thoracic
aorta of DOCA-salt rats exhibit an increase
in [Ca2+]i while no changes are observed in
normotensive cells. Contractions and in-
creases in [Ca2+]i do not occur in the pres-
ence of the Ca2+ channel antagonist, nifedi-
pine (21). Other investigators have demon-
strated that high concentrations of Ca2+ in-
duce contractions in aortic segments from
spontaneously hypertensive rats (SHR) but
do not alter tone in those from normotensive
rats (3). On the other hand, Ca2+ channel
blockers are more effective in reducing blood
pressure and vasoconstrictor responses in
smooth muscle from hypertensive subjects
than in normotensive ones (22-24). From
these observations it has been suggested that
the Ca2+ permeability of the plasma mem-
brane is increased in hypertension and that
the VOCs are involved in this abnormal Ca2+

influx.
Supporting this idea, an increased reac-

tivity to KCl has been reported in vessels
from hypertensive rats (25-26). Soltis and
Field (27) observed that femoral arteries from
DOCA rats exhibit an increased reactivity to
KCl and to norepinephrine only in the pres-
ence of normal extracellular Ca2+ concentra-
tion, but not in the presence of low extracel-
lular Ca2+. These authors suggested that the
increased reactivity to KCl in arteries from
hypertensive rats is related to an increased
sensitivity to extracellular Ca2+. This in-
creased contractile response to KCl may be
explained by changes in the membrane po-
tential or in the voltage dependence of the
Ca2+ channels in VSMCs from hypertensive
animals.

VSMCs from genetically hypertensive or
experimentally induced hypertensive animals
also exhibit greater sensitivity to the Ca2+

channel agonist Bay K 8644 (28-31) as will
be discussed in the next section. These stud-
ies using an activator of VOCs also support
the hypothesis that membrane permeability
to Ca2+ is increased in hypertension.
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Ca2+ channel agonists such as Bay K 8644
produce contractions in isolated arterial
segments from hypertensive rats and minimal
contraction in those from normotensive rats

The dihydropyridine Bay K 8644, a Ca2+

channel agonist, increases Ca2+ channel cur-
rents through L-type VOCs in a concentra-
tion-dependent manner probably due to an
increase in the mean channel open time (28).
One of the first lines of evidence supporting
the hypothesis of changes in the function of
VOCs in hypertension was obtained in stud-
ies evaluating the effects of Bay K 8644 on
basal tension development in arteries from
hypertensive and normotensive rats. Aoki
and Asano (29) have shown that the addition
of Bay K 8644 elicits a concentration-de-
pendent contraction in SHR femoral artery
in the absence of any contractile agent, which
was not observed in arteries from normoten-
sive rats. Similarly, Bruner and Webb (30)
observed that Bay K 8644 produced tonic
contractions in carotid artery strips from
stroke-prone spontaneously hypertensive rats
(SHRSP), but not in those from Wistar Kyoto
(WKY) rats. The Bay K 8644-induced con-
tractions were increased in the presence of
12 mM KCl, but were still higher in arteries
from SHRSP.

The enhanced contractile responsiveness
to the Ca2+ channel agonist Bay K 8644 has
been documented in large conduit arteries
and small muscular arteries from SHR/
SHRSP and also in arteries from other types
of hypertensive rats, including rats with co-
arctation-, mineralocorticoid- and N-nitro ar-
ginine-induced hypertension (31,32). How-
ever, the increased sensitivity to Bay K 8644
is not a general defect in arteries from hyper-
tensive rats, since it was not observed in
small arterioles from SHRSP (33).

A direct correlation of increased sensi-
tivity to Bay K 8644 and high blood pressure
has been demonstrated in these studies. For
example, Bay K 8644 evoked contraction in
aortic segments from coarctation-hyperten-

sive rats above (thoracic), but not below
(abdominal) the coarctation. In coarctation-
induced hypertension these aortic segments
are exposed to hypertensive and normoten-
sive pressures, respectively (31). Other evi-
dence supporting a role of elevated pressure
in the abnormal responsiveness to Ca2+ chan-
nel agonists comes from experiments in which
treatment with ramipril, an angiotensin-con-
verting enzyme inhibitor, reduced both blood
pressure and Bay K 8644-induced contrac-
tion in carotid arteries from SHRSP, but did
not affect these variables in WKY rats (34).
These studies support the idea that the in-
creased contractile response to Bay K 8644
parallels or is dependent on the changes in
blood pressure.

Intracellular Ca2+ concentration is abnor-
mally increased in vascular myocytes from
hypertensive animals following treatment
with Ca2+ channel agonists and depolarizing
interventions

The use of fluorescent indicators to quan-
tify [Ca2+]i has permitted a correlation be-
tween alterations in arterial tone and changes
in [Ca2+]i. A number of investigators have
found increased basal or agonist-induced
levels of [Ca2+]i in vascular myocytes from
hypertensive animals. However, these find-
ings have not been consistently obtained and
the variability may be explained by the ef-
fects of cell dissociation procedures, the age
of the animals studied, and phenotypic
changes in cell culture systems. Increased
basal and agonist-induced increases in [Ca2+]i
have been observed both in freshly isolated
(21) and cultured aortic smooth muscle cells
(35,36) as well as in aortic strips (37) from
SHR and DOCA-salt rats compared to those
in arterial cells/strips from normotensive rats.

With regard to the change in [Ca2+]i stim-
ulated by depolarizing agents, increased KCl-
induced changes in [Ca2+]i levels were ob-
served in azygous vein cell culture from
SHR compared to WKY rats (38), and in
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both thoracic aorta dissociated cells (39) and
strips (40) from coarctation-hypertensive rats
compared to normotensive controls.

Sada et al. (37) observed that CGP-28392,
a Ca2+ channel agonist, stimulated an in-
crease in [Ca2+]i in aortas from SHR but not
in those from WKY rats. Similarly, Asano et
al. (20) have recently shown that the addi-
tion of Bay K 8644 to strips of femoral
arteries from WKY rats induces an increase
in [Ca2+]i which is accompanied by a moder-
ate contraction. When the effects of Bay K
8644 were determined in the SHR arteries,
both the elevation in [Ca2+]i and the contrac-
tion were more evident than those in the
WKY rats (20).

Experiments evaluating 45Ca2+ uptake
have also shown similar results. Shibata et
al. (41) described greater 45Ca2+ uptake by
SHR aorta compared to that in normotensive
aorta. High KCl concentrations increased
45Ca2+ uptake in both SHR and control aorta,
but the Ca2+ influx was greater in SHR aorta.
In addition, the dihydropyridine-sensitive
component of 45Ca2+ influx is increased in
aortic strips from SHR (42) as well as in
quiescent cultured VSMCs from SHR aorta
(17) compared to that in preparations from
normotensive WKY rats. These observations
demonstrate a close relationship between
the increased effects of depolarizing inter-
ventions/Ca2+ channel agonists on changes
in tone and alterations in [Ca2+]i in arteries
from hypertensive animals.

Considering the mechanisms involved in
the higher Ca2+ influx via L-type VOCs in
arteries from hypertensive animals, one can
speculate that arteries from hypertensive rats
are more depolarized in the resting state
compared to those from normotensive rats.
However, a series of studies have reported
no differences between the membrane po-
tential of arteries from SHR vs WKY (43),
SHRSP vs WKY (44,45), and DOCA-salt vs
control rats (46). On the other hand, changes
in membrane potential in arteries from SHR
have been reported by some authors (47,48).

Alternative explanations would be that
1) the L-type VOCs in VSMCs from hyper-
tensive rats exhibit an altered voltage de-
pendence in the resting state when compared
to normotensive VSMCs, which is supported
by the increased contractile activity to depo-
larizing interventions in arteries from hyper-
tensive animals, and 2) an increased number
of Ca2+ channels or an abnormal activation
of these channels exists in hypertensive ar-
teries. These mechanisms will be discussed
in the next section. Figure 1 summarizes the
possible mechanisms contributing to the in-
creased Ca2+ influx in VSMCs from hyper-
tensive animals.

Figure 1 - Possible mechanisms contributing to the increased Ca2+ current in
vascular myocytes from hypertensive animals. 1) L-type VOCs in VSMCs from
hypertensive rats may exhibit an altered voltage dependence in the resting
state when compared to normotensive VSMCs; 2) an increased number of Ca2+

channels may be expressed by these cells; 3) an abnormal function of these
channels, represented by changes in the activation/inactivation parameters or
by altered modulation of the channel activity by intracellular messengers, may
exist in hypertensive arteries. VSMC, Vascular smooth muscle cell; VOC, volt-
age-operated Ca2+ channel; ICa, inward Ca2+ current.
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Evidence from voltage- and
patch-clamp techniques

Voltage- and patch-clamp techniques
have proved to be extremely powerful tools
for examining channel function and are con-
sidered the best evidence for alterations of
Ca2+ channel activity in VSMCs in hyperten-
sion. However, like most techniques, they
present some limitations since they involve
disruption of the intracellular milieu and the
preparation of single cells may also influ-
ence cell function and affect cell responses
(49,50).

The Ca2+ channels, which are multisub-
unit proteins, flicker open and closed within
milliseconds to permit influx of small a-
mounts of Ca2+ in the resting state. These
channels can be rapidly gated by voltage to
increase, by several hundred-fold, the rate of
Ca2+ entry. In voltage- and patch-clamp stud-
ies the important parameters are 1) the mag-
nitude of the Ca2+ current, which usually is
normalized against cell capacitance in order
to eliminate differences in cell surface area,
and 2) the voltage dependence of current
activation and inactivation. Window currents
are steady-state currents that arise from the
opening of voltage-dependent Ca2+ channels
over the narrow voltage range where steady-
state activation and inactivation curves over-
lap. In this voltage range, channels cycle
between closed, opened and inactivated states
leading to small but stable currents (15).

Wilde et al. (51) observed no differences
in the T (transient)-type Ca2+ current ampli-
tude between cerebral artery VSMCs from
SHRSP and WKY rats. However, increased
maximal T-type Ca2+ inward current was
observed in VSMCs isolated from the SHRSP
azygous vein compared to cells from the
normotensive outbred-panel-of-strains Na-
tional Institutes of Health (N/nih) rats (52).
These differences can be explained by the
expression of T-type Ca2+ channels which
have been primarily found in VSMCs from
embryonic or neonatal rats.

In cultured VSMCs from neonatal azy-
gous vein, the total inward Ca2+ current (ICa)
arising from L-type channel activity is in-
creased in cells from SHR, even though total
inward current magnitude was similar for
VSMCs from both SHR and WKY rats (53).
Similarly, Cox and Lozinskaya (54) have
reported larger L-type Ca2+ currents in mes-
enteric artery VSMCs from adult SHR com-
pared to those in myocytes from WKY rats.
However, studies from Ohya et al. (55) indi-
cate that L-type Ca2+ channel activity is in-
creased in young SHR, but the authors did
not observe differences in the ICa or in the
voltage dependence of channel inactivation
between cells from adult SHR and WKY
rats.

Wilde et al. (51) have reported that the
inward L-type Ca2+ channel current in adult
SHRSP cerebral artery VSMCs is approxi-
mately twice as large as that from WKY cells
and the differences are not related to alter-
ations in cell surface area. The authors have
not found differences in the voltage depend-
ence of current activation/inactivation be-
tween SHRSP and WKY cells, suggesting
that the increased amplitude of Ca2+ channel
current observed in the SHRSP VSMCs is
due in part to increased channel density. On
the other hand, analysis of the voltage de-
pendence of Ca2+ channels in neonatal azy-
gous vein VSMCs have shown changes for
both activation and inactivation parameters
in SHRSP cells (52). Paradoxically, a slower
recovery from inactivation, which would
cause a decreased Ca2+ current density, was
observed in this study and, again, an increase
in the number of Ca2+ channels was sug-
gested as the mechanism responsible for the
increased Ca2+ entry in VSMCs from hyper-
tensive rats.

Ca2+ channel differences may have been
hidden in some of these studies due to the
following factors: 1) the different special-
ized regional arteries used; 2) the use of
freshly isolated or cultured cells; 3) the ex-
perimental conditions such as the inclusion
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in the pipette of substances that regulate
Ca2+ channel activity (ATP, Mg2+, GTP); 4)
the choice of the charge carrier: Ba2+ vs Ca2+

(low and high concentrations), and 5) the
selection of the hypertensive strain (SHRSP
vs SHR; WKY vs N/nih). These consider-
ations might also explain some of the differ-
ences between the findings reported above.

Regarding the possibility of an increased
number of Ca2+ channels in hypertensive
VSMCs, Ikeda et al. (56) have not observed
differences in the binding density or in the
dissociation constant of  [3H](+)-PN200-110,
a dihydropyridine Ca2+ channel antagonist,
in aortic membranes from SHR and WKY
rats. Hermsmeyer et al. (57) have recently
compared Ca2+ channel dihydropyridine
binding in VSMCs from SHRSP and N/nih
rats by using a fluorescent dihydropyridine
compound closely related to nitrendipine.
Interestingly, these authors observed that,
although binding occurs with the same af-
finity in aortic and azygous vein VSMCs
from neonatal SHRSP and N/nih rats, both
aortic and azygous vein myocytes from
SHRSP have fewer binding sites for the
dihydropyridine probe compared to those
from N/nih vessels. These results suggest
that changes in Ca2+ channel function, and
not an increase in the number of channels, at
least in azygous veins, are responsible for
the greater Ca2+ influx seen in vessels from
hypertensive rats.

The altered properties of the Ca2+ chan-
nels may be explained by a prolonged mean
channel open time, which could result from
gene mutation, post-translational changes in

the channel subunits or from alterations in
the systems involved in the control of VOC
activity in VSMCs (14,17). Ca2+ channel
activity may be modulated by intracellular
Ca2+ and Mg2+, pH, G proteins, ATP, IP3, the
cyclic nucleotides cAMP and cGMP, pro-
tein kinase C, phosphatases, tyrosine kinases
and calmodulin (15). For example, the L-
type Ca2+ channel currents in smooth muscle
cells are reversibly inhibited by changes in
[Ca2+]i. It is possible that in VSMCs from
hypertensive animals, which exhibit higher
[Ca2+]i levels, this inhibitory Ca2+-depend-
ent inactivation process is defective. The
mechanism of inhibition of Ca2+ current by
changes in [Ca2+]i is not known and a change
in this feedback mechanism in hypertension
is speculative.

Finally, comparing the Ca2+ channel maxi-
mum current density in VSMCs from the
azygous veins of neonatal SHRSP, SHR,
WKY and N/nih rats it has been observed
that the increased Ca2+ current density ap-
pears to be proportional to the increase in
maternal blood pressure (52). From these
findings we may conclude that, independent
of the mechanism causing the increased Ca2+

influx in hypertensive VSMCs, increased
number of channels or altered function, there
is a clear association between increased Ca2+

current, altered vascular reactivity and hy-
pertension. Further studies will help to eluci-
date the mechanisms underlying the increased
Ca2+ current in vascular myocytes from hy-
pertensive subjects and lead to the develop-
ment of more specific therapeutics for the
management of hypertension.
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